Based on the gas-liquid phase flow theory, an indirect method is proposed to on-line measure the effective bulk modulus by constructing the mathematical model which reveals the relationships of the effective bulk modulus, bubble volume fraction, pressure and natural frequency. The natural frequency of hydraulic fluid is a key parameter for measuring effective bulk modulus utilizing the model, so it is online measured by the proposed pseudo-excitation method. The frequency response function is obtained by solving the amplitude spectrum functions of pseudo-excitation signal and the response signal, and the natural frequency is obtained. The numerical simulation and experiment are carried out, and we can deduce from the analysis of simulation and experimental results that the effective bulk modulus in hydraulic system can be easily online measured by the proposed indirect method.
Introduction
Effective bulk modulus of hydraulic fluid is important for the stability and controllability of an electro-hydraulic control system. It varies with the condition transformation of system, the oil temperature, the working pressure and especially the content of entrapped air. Moreover, it is an essential parameter for mechatronic system modeling and monitoring [1] [2] [3] [4] [5] [6] [7] .
Some existing studies have shown that it is a challenging work to measure the effective bulk modulus of hydraulic fluid on line in the hydraulic system. A pressure sensitivity model is developed considering the entrained air and utilized the cross-relation pressure wave velocity to measure the effective bulk modulus in an actual hydraulic system [8] . The propagation speed of pressure wave is measured to calculate the elastic modulus on a complex hydraulic experiment platform, and the results indicated that the variation of pressure wave velocity isn't regular with the pressure of the system [9] . Prompted by Yu's work, a linear equation of fluid bulk modulus and pressure difference of entry and exit of the control volume are derived, and a method is proposed for measuring the effective bulk modulus using the parameters of flow and pressure [10] . Manring's previous research have been reviewed and these measurements have been shown to be expensive and highly uncertain [11] . In addition, the effective bulk modulus also can be measured by sensor designed based on its definition, but the measurement accuracy is poor because that the sensor's shape deformation is small [12] . All above methods are based on the models in time domain with physical properties of hydraulic fluid, such as density, pressure, flow, and so on. In time domain, these properties are affected by the hydraulic elements fixed on the system and the flow characteristics of hydraulic fluid with air, and the characteristics of hydraulic signals may be complex, but may be relatively simple in frequency domain. Therefore, this study attempts to look for a method, and by which the effective bulk modulus can be measured in frequency domain.
In this paper, an analysis model was developed to measure the effective bulk modulus in frequency domain and analyzed by numerical simulation, the pseudo-excitation method is proposed for measuring the natural frequencies of the observed fluid, and finally, the model was verified on a hydraulic system platform, and the experimental results were analyzed in detail.
So, the effective bulk modulus varies with the air content and the pressure of fluid [10] . In the model, natural frequencies are used for describing the longitudinal pressure fluctuation characteristics of fluid along the pipe; air content refers to the air volume fraction in fluid mixture under the given pressure of system; effective bulk modulus is composed of the bulk modulus of fluid and the modulus of container. The influence of the nonlinearity effect of the pressure wave propagation is not considered in this paper.
The fluid in a straight pipe is considered as the object of investigation. According to the fluid transients theory [13] , the pressure fluctuations of hydraulic fluid should satisfy the following partial differential eq. (1) and eq. (2).
where, p(x, t) is the pressure of fluid, v(x, t) is the fluid flow velocity, ρ(x, t) is the density of fluid and c is the velocity of pressure wave. Eliminating v from eq. (1) and eq. (2) yields one-dimensional eq. (3) of the pressure wave. 
Since both ends of the pipe are fixed, the pressure wave will be reflected at its two ends and the standing wave will occur. Assuming that the amplitudes of the pressure fluctuations at both ends are zero, the boundary conditions of the wave eq. (3) are expressed as eq.
where, L is the length of the pipe. Substituting eq. (5) into eq. (4) yields the following result for n order natural angular frequency of the hydraulic fluid in the pipe, which is shown as eq. (6).
Hence, the natural frequency can be simply shown as eq. (7).
A number of experiment results showed that two-phase flow pattern has nothing to do with the propagation of pressure fluctuations in the gas-liquid two-phase flow which is the same as in the single-phase flow [14] . Thus, for isentropic process, the velocity of propagation of the pressure fluctuations in hydraulic fluid with air can be expressed by eq. (8) .
where, βe and ρ are the effective bulk modulus and density of fluid with air, respectively. Substituting eq. (8) into eq. (7) and squaring the intermediate result yield the following result, which is shown as eq. (9). At a certain pressure and temperature, the density of fluid with air may be described as eq. (10) [15] .
where,  is the bubble volume fraction of hydraulic fluid (air content), ρg is density of air and ρl is density of pure hydraulic fluid.
According to the definition of effective bulk modulus, eq. (11) may be given.
where, βl, βg and βc are the bulk modulus of the pure hydraulic fluid, the entrained air and the pipe, respectively. During the isentropic change, the bulk modulus of air can be shown as eq. (12).
gs P   (12) where, γ is the heat capacity ratio of air, and Ps is the pressure of hydraulic system. Note that γ = 1.4 for air. And the density of air can be shown as eq. (13).
where, P0 = 1.01×105 N/m2 and ρ0 = 1.225 kg/m3. And the bulk modulus of pure hydraulic fluid can be expressed by eq. (14) [10] .
where K0 is the secant bulk modulus of pure hydraulic fluid at zero gauge pressure, and m is the scale factor of pressure. For the mineral hydraulic fluid, m is equal to 5.6. Because the density of pure hydraulic fluid less depends on the pressure, the density of the fluid can be considered as a constant parameter.
Substituting equations (10 ~14) into eq. (9) yields the following result, as shown by eq. (15). 
Equation (15) expresses the nonlinear functional relationships between natural frequencies, length of pipe, air content, pressure and effective bulk modulus of fluid. Under the certain pressure and temperature, the air content  may be calculated by using eq. (15) as the n-order natural frequency fn is measured online. So, by substituting the content of air  into eq. (11), effective bulk modulus can be obtained. The above model provides a mathematic method to establish the model to online measure the air content and effective bulk modulus.
Numerical simulation
Setting up the conditions for the simulation of the model as: the length of the testing pipe is 0.505 m, the range of system pressure is from 0.1 MPa to 20 MPa, the content of air is from 0 to 100%, and N32 anti-wear hydraulic oil is selected. Figure 1 shows the result of the simulation with the relationships among the pressure of system Ps, content of air  and 1-order natural frequency of f1 hydraulic mode. The pattern of the natural frequency has larger flat area at the lower system pressure with respect to the content of air and is more similar to the quadratic curve at higher system pressure. For example, while the system pressure is 3 MPa, the natural frequency drops from 1 437 Hz to 227 Hz while the content of air increases from zero to 10%; the natural frequency changes slowly while the content of air is from 10% to 90% and the minimum value is 136 Hz around 50%; the natural frequency increases from 214 Hz to 547 Hz while the content of air increases from 90% to 100%. See from equations (9~11), the phenomena above is caused by the influences of various air content to physical properties of effective bulk modulus, destiny, etc, as shown in Fig. 2 and Fig. 3 . The relationships among the content of air  , the system pressure Ps, the effective bulk modulus βe and the density of hydraulic fluid ρ are shown in Fig. 2 and Fig. 3 . See from Fig. 2 and Fig. 3 , because of the higher compressibility of air to oil, with the increase of the content of air, the effective bulk modulus of fluid decreases quickly and tends to stability, and the density of fluid decreases linearity but changes slightly, so the 1-order natural frequency of oil decreases (see Fig. 1 ).
The numerical simulation results indicate that the measurement sensitivity of the effective bulk modulus is affected by phenomena mentioned above. For example, the system pressure is 3 MPa and the measurement sensitivity is described as piecewise linear. If the range of the content of air range from 0 to 10%, 1-order natural frequency range from 1437 Hz to 227 Hz, the effective bulk modulus range from 1.83×109 Pa to 4.12×107 Pa; therefore, the sensitivity of effective bulk modulus range from 1.48×106 Pa/Hz. If the range of the content of air is from 10% to 50%, 1-order natural frequency range from 227 Hz to 136 Hz, the effective bulk modulus range from 4.12×107 Pa to 8.38×106 Pa; thus, the sensitivity of effective bulk modulus range 3.61×105 Pa/Hz. If the range of the content of air range from 50% to 90%, 1-order natural frequency range from 136 Hz to 214 Hz, the effective bulk modulus range from 8.38×106 Pa to 4.67×106 Pa; hence, the sensitivity of effective bulk modulus range 4.76×104 Pa/Hz. If the range of the content of air range from 90% to 100%, 1-order natural frequency range from 214 Hz to 547 Hz, the effective bulk modulus range from 4.67×106 Pa to 4.20×106 Pa; therefore, the sensitivity of effective bulk modulus is 1.41×103 Pa/Hz. Overall, the measurement sensitivity of mathematical model (see eq. (15)) changes obviously at different content of air and shows clear non-linear characteristics. 
Pseudo-excitation method
How to acquire the natural frequency of hydraulic fluid at real operation process? It is the key question for measuring the content of air and effective bulk modulus utilizing above model proposed in section 2.1. In publications, the natural frequency is commonly determined by performing the frequency response function measurement by using an impulse or white noise response test [16] . The conventional methods generally require that the hydraulic system has paused or worked at a certain way. They are not easy to achieve online condition monitoring.
In fact, the hydraulic pump is a natural source of excitation, the natural frequency of the hydraulic fluid may be measured by the acquisition of the pressure fluctuation signals, and the related processing technique for the pipe with appropriate length in which the natural frequency of the hydraulic fluid belongs to the spectrum of pressure fluctuation of hydraulic fluid.
In this paper, the natural frequency of the hydraulic fluid can be measured by pseudo excitation method. First, the straight pipe with appropriate length is selected in the hydraulic power system. There are two fluid pressure fluctuant sensors (piezoelectric type) fixed on two monitoring locations of the straight pipe. One fluid pressure sensor is installed near the hydraulic pump, the obtained signal can be viewed as a pseudo-excitation signal and the signal obtained from another sensor can be viewed as a response signal. Second, the fast Fourier transform is performed on two signals respectively and the amplitude spectrums are obtained. Next, online frequency response function is obtained by solving the amplitude spectrum functions of pseudo-excitation signal and the response signal. For the stochastic characteristics of pressure fluctuation signals, a smoothing algorithm (locally weighted polynomial regression) is performed on the frequency response curve. Finally, the n-order natural frequency of hydraulic fluid is obtained by solving frequency response function.
Experiment
By the analysis in section 2.2, and considering the influence of air content to measurement sensitivity of the mathematical model above, the requirement of engineering practical application of dynamic measurement to hydraulic fluid physical characteristics, in experiment below, the on-line measurement of effective bulk modulus of hydraulic fluid is studied while the content of air is less than 1%.
Experimental platform and system
The experiment platform of the multi-source information acquisition of hydraulic system is used and shown in Fig. 4 . It is based on the hydraulic transmission and control theory for simulating various behaviors of hydraulic system. The experiment set mainly includes the hydraulic power, the control system, and the multi-sensors. The electric-hydraulic control system is used for the control of the hydraulic pump driven by the induction motor, and the hydraulic system is used to simulate the real dynamic load by the electromagnetic proportion relief valve. The pressure and flow in the tested pipe can be adjusted by the proportion valves. During the experiments, little variation range of the content of air is made by the adjustment of shut-off/throttle valve 1. The section of the pipe between the tank and the inlet of gear pump will be under atmosphere in which air bubbles may be extracted from the fluid within the pipe and the external. With the rise of air bubbles, the flow of fluid decreases, result in a reduction in the velocity of fluid. It needs some time to resolve the air bubbles at power pipe. The saturations of fluid are changed with the different flow. For some random effects, the content of air may slightly change at different conditions of the Shut off/Throttle valve 1 at irregular levels.
It is an important factor of the length of the power pipe that affects the n-order natural frequency of the observed fluid, the less length of pipe, and the higher n-order natural frequency. When the 1-order natural frequency lies outside the range of the spectrum of pseudo-excitation signal, the proposed method will be invalid because the natural frequency can't be recognized. It is recommended that a proper straight pipe is selected if its 1-order resonance frequency is not greater than the highest frequency in the pseudoexcitation signals for the pure hydraulic fluid. In the experiments, the range of temperature of the fluid (N32) is from 27.9 oC to 30.7 oC, the density of pure fluid is equal to 870 kg/m3, the effective bulk modulus of pure fluid is 1.82×109 Pa, the pressure is 3 MPa and the highest frequency in the pseudo-excitation signal is 1800 Hz if the content of air is zero. According to eq. (15), the length of the pipe must be greater than 0.402 m, and the pipe A-B with length of 0.505 m is selected in this study and as shown in Fig. 6 . Two piezoelectric sensors (CY-YD-205, 10PC/0.1 MPa, 5120 Hz/ch) are used to monitor the pressure fluctuation of the hydraulic fluid in the experiments. They are installed at P1 and P2 respectively between which the distance is 0.287 m. 
Results and analysis
In experiments, the time waveform of pressure fluctuation at the system pressure of 3 MPa is shown in Fig. 7 and the according frequency spectrums are shown in Fig. 8 Figure 9 shows the experimental curves of frequency response function of pressure fluctuation at the system pressure of 3 MPa while the Shut off/Throttle valve 1 is turned from K1 to K4 scale. K0 indicates full opened state of the valve; K1 shows the smaller scale for turning off the valve 1 circle, and so on. The 1-order natural frequency slightly increases while the valve is from K1 to K4. Table 1 shows the experiment results at above conditions, when the 1-order natural frequency ranges from 751 Hz to 769 Hz, the bubble volume fraction reduces from 0.62 % to 0.58% , and the effective bulk modulus increases from 4.95×108 Pa to 5.20×108 Pa. Comparing the experiment results above with the numerical simulation results in section 2.2, we can see that the measurement of the content of air and the effective bulk modulus is effective when the content of air is less than 1%. 
Conclusions
In this work, a novel method is proposed to on-line measure the effective bulk modulus of hydraulic fluid in frequency domain, based on the theory of transient flow and gas-liquid two phase flow. The effective bulk modulus can be obtained with the relationships of the effective bulk modulus and bubble volume fraction, or pressure, or natural frequency, which is general adopted during the measurement of the effective bulk modulus of the other gas-liquid two phase flow. The simulated results indicate that the estimated measurement sensitivity largely depends on the content of air, and a non-linear characteristic is exhibited in the course of experiment. The measured and simulated results show that the method is effective and easily applied when the content of air is less than 1%. 
